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The modern engineering workplace requires graduates that are able to handle cognitively 
demanding tasks. However, evidence from the literature suggests that employers are often 
critical of graduates for lacking higher-order problem solving and critical thinking skills. This 
paper examines gains made on the part of first, second and fourth year students within an 
engineering degree program with respect to their ability to handle assessment tasks of varying 
cognitive demand. Assessment tasks were classified according to Biggs’ Structure of the 
Observed Learning Outcome (SOLO) taxonomy. The results indicate that while fourth year 
students displayed greater facility with calculation-type questions, they performed worse than 
their first and second year counterparts on questions that required higher-order thinking and 
reasoning.  
Introduction 
The university engineering curriculum should prepare students to meet the cognitive demands 
of the workplace. Today’s engineering workplace is characterized by high cognitive demand, 
complexity, multidisciplinarity and teamwork. Too often, university curricula focus on routine 
operations and low cognitive demand tasks that are not representative of the types of tasks 
graduates are likely to encounter in the workplace (Paul, 1995; Stewart, 2012). This paper 
explores the extent to which a specific engineering degree program is preparing students for 
high cognitive demand tasks. It does this by comparing first, second, and fourth year student 
performance on test tasks of ranging cognitive complexity. Cognitive demand was determined 
using Biggs’ Structure of the Observed Learning Outcome (SOLO) taxonomy (Biggs, 2003). 
In particular, the researchers sought to investigate whether or not final year students were better 
able to successfully answer test questions of high cognitive demand than their first and second 
year counterparts. This paper is structured such that it begins with discussion of the importance 
of cognitive demand in engineering degree programs.  Thereafter, it provides brief discussion 
of the SOLO taxonomy. The research design is then laid out, before the results are presented 
and discussed, and conclusions drawn.    
Importance of Cognitive Demand 
The demand that students engage in ‘higher-order thinking’ tasks is not just about appropriately 
challenging them. Instead, it is about developing the cognitive skills required by today’s 
engineering industries. Higher order thinking has been defined in myriad ways. Whereas lower-
order thinking involves activities such as observation, measurement, collection and recording 
of data, higher-order thinking is made evident in tasks such as interpretation and analysis of 
information and the exercise of judgement (Lewis & Smith, 1993; Hagerty & Rockaway, 
2012). We define higher-order cognitive thinking as occurring “when a person takes new 
information and information stored in memory and interrelates and/or rearranges and extends 
this information to achieve a purpose or find possible answers in perplexing situations” (Lewis 
& Smith, 1993:136).   
Higher-order cognitive demand, as defined herein, is important in engineering education for 
two reasons. First, it prepares students for employment in engineering. Engineering activity 
involves evaluating and solving problems rather than memorization and deployment of 
algorithms (Marshall & Horton, 2011; Dunne, 2015). Hutchins (2015) argues that engineering 
students are too often required to plug variables into equations, as per the so-called ‘plug-and-
chug’ model. This does little to prepare students to solve open-ended, complex problems, 
which are the kind of problems that graduates will be required to solve in the workplace. It is 
for this reason, perhaps, that studies show that employers increasingly report that graduates 
entering their employ lack critical thinking and problem solving skills (Dunne, 2015).        
Second, higher-order thinking tasks help students from an educational perspective, in that they 
enable students to see how concepts inter-relate and facilitate a deeper understanding of learned 
material. This is important within individual modules as well as across entire curricula 
(Marshall & Horton, 2011; Toledo & Dubas, 2016; Dresner et al., 2014). Higher education 
institutions should be encouraging deep learning, rather than shallow learning on the part of 
students (Marton & Saljö, 1976; Biggs, 2003), as a deep understanding of material facilitates 
achievement of activities such as analysis and evaluation (Jensen et al., 2014). The task 
confronting engineering degree students should not be one of memorizing masses of 
information, but one of accessing, structuring and using information (Benjamin, 2008). 
Evidence from the literature suggests that students that regularly engage in higher-order 
assessment tasks gain a deeper understanding of curriculum content (Jensen et al., 2014).   
Integrating Cognitive Demand into the Curriculum 
Often, there is resistance to curricular change as lecturers feel that they cannot make significant 
changes to content. However, incorporating higher-order thinking does not necessitate major 
alterations to curricular content. Instead, it requires that greater thought be given to the 
presentation of course content and, crucially, greater innovation regarding assessment.  
Assessment is of particular importance because it always involves the development of some 
set of skills. Students regularly given multiple choice assessment tasks learn the skill of 
answering multiple choice questions, in the same way that students regularly required to write 
essays learn the conventions of essayist literacy (Lillis, 2001). Assessment, therefore, should 
be aimed at developing the kinds of skills that are useful in today’s economy.   
These skills are determined by the fact that the modern world is increasingly complex. 
Learners, in engineering and elsewhere in the academy, need to know how to integrate, evaluate 
and apply information (Evers et al., 1998). The concepts with which they work are “dynamic, 
multiplex, often poorly structured and highly interconnected” (Stewart, 2012:350). To develop 
these skills requires assessment methodologies that are fit for this purpose.   
To this end, Felder (1982) posits that open-book examinations might be better able to overcome 
the problem of memorization in that they more accurately simulate real world tasks. Students 
should also be encouraged to engage in concept mapping, as this may also promote higher-
order understanding, particularly in the engineering sciences (Stewart, 2012; da Silva et al., 
2015). Other assessment strategies that can be used to develop higher-order thinking, include 
promoting creativity by setting problems that are ill-defined, open-ended and that require 
students to draw information from complementary disciplines (Marton & Saljö, 1976; Felder, 
1982). Finally, self-reflection is a critical component in integrating higher-order thinking into 
the engineering curriculum, as it develops engineering judgment and professionalism (Bulleit 
et al., 2015).  
In order for such gains in understanding to be fully realized, higher-order assessment tasks 
should be built in across the curriculum, rather than in one or two isolated modules (Marshall 
& Horton, 2011; Toledo & Dubas, 2016; Dresner et al., 2014).  In this way, the curriculum 
‘scaffolds’ the development of higher-order thinking abilities. A well-planned, scaffolded 
curriculum improves students’ ability to engage in higher-order thinking tasks (Dresner et al., 
2014). However, scaffolding of higher-order cognitive demand tasks must also be aligned with 
the outcomes to be achieved, assessment methods and classroom practice (Toledo & Dubas, 
2016; Jensen et al., 2014; Fazey, 2010). This means that attention should also be given to 
scaffolding concepts such that important concepts are introduced multiple times, both 
structuring student learning and providing opportunities for learning to be applied across 
modules and contexts.   
Students “develop in a cumulative fashion as they progress through their courses and other 
experiences at their institutions, so the first goal is to determine the degree of improvement of 
those skills in the course of students’ entire baccalaureate education” (Benjamin, 2008:53). 
Despite this, in an American study similar to the present one, it emerged that after two years of 
university study, nearly half of the students displayed no improvement with regard to higher-
order thinking (Dunne, 2015). It is thus important that greater explicit attention be given to the 
development of such higher-order cognitive thinking on the part of engineering students.   
SOLO Taxonomy 
In this paper, Biggs’ SOLO (Structure of the Observed Learning Outcome) taxonomy (Biggs, 
2003) is used to measure cognitive demand. The SOLO taxonomy is a framework for analyzing 
assessment outcomes and expectations. Such taxonomies are not only useful as research tools, 
but they can also play an important role in the design of scaffolded curricula (Toledo & Dubas, 
2016; Tekian et al., 2001). The SOLO taxonomy examines the kinds of understanding that 
students display (or are required to display) in undertaking an assessment task.  
The taxonomy includes five levels of understanding. In the first of these, prestructural 
understanding, students display little to no understanding of content. By demonstrating 
unistructural understanding, students demonstrate understanding of terminology, but little 
more. Students that demonstrate multistructural understanding display understanding of 
concepts but can only engage in so-called ‘fact-telling’. In the penultimate level, relational 
understanding includes situations where students can do more than list facts, demonstrating 
ability to relate points to one another. In the final level of the taxonomy, extended abstract 
understanding includes instances in which students are able to generate abstract 
conceptualizations and apply knowledge to new contexts.  
The first three levels of the taxonomy represent an increasing quantity of knowledge on the 
part of students, while the final two levels represent enhancement in the quality of knowledge 
that students demonstrate. Figure 1 illustrates the various levels included in the SOLO 
taxonomy and provides indication of the kinds of assessment tasks representative of each level. 
As can be seen in Figure 1, different assessment tasks require students to demonstrate different 
types of understanding.  
It is important to note that the SOLO taxonomy is not a hierarchy in which the initial levels are 
‘bad’ and the latter levels ‘good’. Instead, the taxonomy represents a progression where 
students move from one level of understanding to the next. That is to say, students need to 
acquire unistructural understanding before they can acquire multistructural understanding, and 
so on. It is also important to note that students are unlikely to be motivated to move through all 
the levels of understanding if the curriculum, assessment, and classroom practice do not require 
of them to do so.  
 
 
Figure 1.  SOLO taxonomy (Biggs, n.d.) 
Research Design 
This research was undertaken within the context of a civil engineering degree program offered 
at a large public university in Johannesburg, South Africa. The program is a four-year degree 
program accredited by the Engineering Council of South Africa, a signatory of, amongst others, 
the Washington Accord. The program aims to deliver graduates that are able to work 
internationally across various fields within the broader civil engineering discipline.  
For the purposes of this paper, three modules were selected, one each at first year (second 
semester), second year (second semester) and fourth year (first semester) level. These modules 
were selected on the basis that they included a range of content types, ranging from ‘theory’ to 
‘calculation’ to ‘application’ types of questions.  Therefore, it was possible to design the tests 
such that comparison of student performance on like-for-like questions could be undertaken 
across the various years.  The number of students in each module was: 49 in the first year 
module, 107 in the second year module, and 43 in the fourth year module.    
In each of the modules, the first major test was selected for analysis.  This is because past 
experience (Simpson & Bester, 2017), and the literature (Jensen et al., 2014), showed that, after 
the first test, students tend to adjust their study habits in line with their experiences from the 
first test. These tests, in each case, covered a block of course material in a summative way.  
Each of the tests was designed so as to include three types of questions: low cognitive demand, 
high cognitive demand, and questions requiring mathematical calculation.  This was done on a 
like-for-like basis in that the low demand questions were similar to each other across the three 
years, and so on.  Low cognitive demand questions were questions that required uni- or 
multistructural understanding as per the SOLO taxonomy, while high cognitive demand 
questions required relational or extended abstract understanding on the part of students.  
Questions requiring mathematical calculation could also be said to require either low or high 
cognitive demand.  However, the questions of this type included in this study were all deemed 
to be straightforward, low-cognitive demand questions.  That is to say, all the questions 
required use of basic formulae and concepts such as area, volume and proportion. 
In the first- and second year tests, the ratio between the different question types was roughly 
one-third each.  However, in the fourth year test, there was a lower proportion of calculation-
type questions.  This was due to the nature of the module, which lent itself better to theory- and 
concept-based questions, rather than calculation-type questions.  In the fourth-year test, there 
was a roughly even split between low and high cognitive demand questions.         
Of course, classification of questions according to such taxonomies always involves some 
degree of subjectivity.  Furthermore, these are not mutually exclusive, monolithic categories 
and there is some degree of overlap between them.  As such, a check as to the validity of the 
question classification was undertaken. Across all the year groups, the students performed 
better in questions identified as low cognitive demand questions, than they did in those 
identified as high cognitive demand questions. This suggests that the question classification 
was undertaken in a valid and reliable manner.   
Results 
Figure 2 shows the students’ performance on low cognitive demand questions across the 
various years of study. As can be seen, the second year student cohort outperformed their first 
and fourth year counterparts. The fourth year student group performed better on low-demand 
questions than the first years, albeit marginally.  
 
 
Figure 2.  Average student performance on low cognitive demand questions 
Similarly, Figure 3 summarizes the performance of the students on high cognitive demand 
questions. It can be seen that there is little difference in the performance of the first and second 
year groups with respect to high cognitive demand tasks. Of note is the fact that the fourth year 
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student group demonstrated worse performance on these questions than the first and second 
year students. 
 
 
Figure 3.  Average student performance on high cognitive demand questions 
Finally, Figure 4 shows the average student performance across the three years of study on 
questions that required mathematical calculation. In all the modules concerned, the 
mathematics required was of a basic nature. As can be seen in Figure 4, there was steady 
improvement in the students’ abilities to undertake calculative tasks, both from first year to 
second year, and on to fourth year. In fact, where calculation-type questions were a significant 
stumbling block for first year students, the final year students showed significant facility with 
this type of question, obtaining an average score of approximately 75%, and performing much 
better on these questions than they did on the other question-types.   
 
 
Figure 4.  Average student performance on calculation-type questions 
Discussion 
The results presented in the previous section show how three cohorts of students, in three 
different years of study within a civil engineering degree program, performed in assessment 
tasks. These assessments were designed so as to include various question types: low cognitive 
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demand questions, high cognitive demand questions, and questions requiring mathematical 
calculation.   
As can be seen in the results, there is little difference between the three cohorts’ ability to 
engage in low cognitive demand activities.  All three cohorts were able to obtain an average 
score of approximately 50% on such questions.  This indicates, unexpectedly, that low 
cognitive demand questions are not a significant stumbling block to student success.  
However, this is not the case with regard to high cognitive demand questions.  Such questions 
represent a significant barrier to student success.  All three cohorts achieved an average score 
on high demand questions of 35% or lower.  And, more crucially, the first year students 
outperformed their second and fourth year counterparts on such questions, with the fourth year 
students lagging behind, with an average score of only 24%. 
As already mentioned, previous assessment experiences create expectations for future 
assessment (Jensen et al., 2014; Simpson & Bester, 2017).  These results suggest that the civil 
engineering curriculum has perhaps not adequately served to develop higher order thinking 
skills such as critical thinking, analytical thinking, hypothesis generation and synthesis.  
Instead, students, as they progress through the program, seem to show little gain in their ability 
to handle cognitively demanding assessment tasks.  This may be because, as they acquire 
assessment experience, they come to learn that they can ‘get by’ without engaging with course 
content at a high level of complexity, but it is more likely to be because the curriculum is not 
adequately scaffolding the development of higher-order thinking.         
Where the curriculum is fostering strong development on the part of student ability is in the 
area of mathematical calculation.  Questions requiring (basic) mathematical calculations 
proved to be a major obstacle to success amongst the first year cohort, with students obtaining 
a mean score of less than 30% for such questions.  However, the second year cohort showed 
some improvement in handling such questions, achieving an average score of 45%.  The final 
year cohort showed greatly improved ability in this regard, achieving an average score of 
almost 75% on such questions.  It should be remembered that these questions were all identified 
as basic mathematical questions, and further research needs to be done to investigate student 
achievement on higher-order mathematical questions.     
This result indicates that the civil engineering curriculum is succeeding at developing graduates 
that can undertake relatively basic mathematical calculation.  In lay terms, the work of 
engineering is often seen as synonymous with mathematics.  However, the profession itself 
characterizes its work somewhat differently.  Although basic sciences (mathematics, physics 
and chemistry) are important in engineering, the outcomes of an engineering degree program 
are put forward as related to design and synthesis and problem-solving (Engineering Council 
of South Africa, 2014; ABET, n.d.).  Thus, although engineers (and engineering students) 
undertake mathematical calculations, what they offer the public is the ability to interpret the 
results of such calculations and use the results to exercise judgement, make decisions and solve 
problems. 
Biggs (2003) notes that real understanding is developed when students think and act like, in 
this case, engineers.  A curriculum that promotes decontextualized mathematical calculation, 
without requiring students to engage in high level engagement with the results of those 
calculations is therefore limited in its ability to develop real understanding of engineering 
practice.  High level engagement with engineering content needs to be scaffolded throughout 
the curriculum, and it is in this respect that curricula may presently be lacking.        
It should be the case that facility in mathematical calculation and ability to engage in high 
cognitive demand activities such as interpretation, hypothesis generation, and decision-making, 
rise in tandem.  This is because the two are intertwined: mathematical tools and models are 
applied, within engineering practice, with a view to making decisions and solving problems.  
The engineering curriculum should reflect this fact and scaffold students’ achievement of these 
dual goals (Deek et al., 1999; Kalman, 2008). 
The results obtained in this study show that civil engineering curricula may be developing 
mathematical proficiency, rather than analytical proficiency (Stewart, 2012; Dempster & 
Reddy, 2007).  The danger of this is that students may be able to succeed despite adopting a 
surface approach to learning (Biggs, 2003; Marton & Saljö, 1976) in which mathematics is 
learned as procedural and higher order thinking is replaced by rote memorization.  Instead, 
assessment that develops analytical proficiency should enable students to better engage in 
analytical thinking, hypothesis generation, problem solving and synthesis.  As Stewart 
(2012:364) notes, “most systems in the natural world are not neat, simple hierarchies of 
knowledge, but complex, interconnected and interdependent networks where relatively small 
changes in one system can lead to wide-ranging impacts”.  
Conclusion 
In this paper, we have asked whether students within a civil engineering degree program are 
being adequately prepared to meet the demands of the workplace, particularly as these demands 
relate to higher-order thinking practices such as synthesis, hypothesis-generation, decision 
making and analysis.  This was done by analyzing student performance on a series of 
assessment tasks.  First, second and fourth year students were investigated.  The results suggest 
that the curriculum may have done little to scaffold students’ ability to engage with high 
cognitive demand tasks.  Instead, the fourth year students seemed to be equally unlikely to be 
able to successfully engage with high cognitive demand tasks.  In contrast, it became evident 
that the focus of the program was on developing relatively simple mathematical proficiency, 
for which substantial gains in performance were made across the various cohorts. 
However, our position is that the development of mathematical proficiency without the ability 
to interpret mathematical results and integrate these into higher-order decision-making 
processes does little to prepare students for their future careers.  It also does little to serve 
society, which requires engineering graduates that can use their technical and mathematical 
skill to effect sustainable, ethical and effective change in the built environment.   
The data set drawn upon herein is limited in size and scope in that is focuses only on one test 
in one module at each year level.  Also, it is important to recognise that test scores are only one 
among many measures of student achievement.  In addition, tests are time-limited and students 
may perform differently in assessments with fewer such limitations.  Nonetheless, the results 
points to the fact that our engineering curricula may be falling short of the goal of developing 
graduates with advanced higher-order thinking skills.  In recent times, efforts have been put in 
place to address this, particularly in Europe (de Justo & Delgado, 2015).  These efforts 
represent growing recognition of the fact that society needs engineers that have well-developed 
abilities to question, evaluate and solve problems.  It is important to note that the development 
of higher-order thinking abilities cannot be relegated to isolated modules within engineering 
programs.  Rather, all modules within such programs should contribute to the scaffolding of 
these capabilities.   
Future research should investigate how questions requiring mathematical calculation can also 
be classified according to the SOLO taxonomy.  Thereafter, attention could be given to how 
curricula can scaffold the development of both mathematical and non-mathematical higher 
order thinking in tandem.  In this paper, we’ve highlighted potential shortcomings in (civil) 
engineering curricula.  Future research may want to test the hypotheses developed herein in a 
statistically significant manner.        
References  
ABET.  n.d.  “Accreditation criteria and supporting docs”. Available from: 
http://www.abet.org/accreditation/accreditation-criteria/.  Accessed 27 November 2016.  
Benjamin, R.  2008.  “The case for comparative institutional assessment of higher-order 
thinking skills”.  Change, 40(6), 50–55. 
Biggs, J.  2003.  Teaching for Quality Learning at University, 2nd ed.  Buckingham: Open 
University Press. 
Biggs, J.  n.d.  “SOLO taxonomy”. Available from: 
http://www.johnbiggs.com.au/academic/solo-taxonomy/. Accessed 10 November 2015. 
Bulleit, W., Schmidt, J., Alvi, I., Nelson, E. & Rodriguez-Nikl, T.  2015.  “Philosophy of 
engineering: What it is and why it matters”.  Journal of Professional Issues in Engineering 
Education and Practice, 10.1061/(ASCE)EI.1943-5541.0000205, 02514003. 
da Silva, C. A. P., Fontenele, H. B. & da Silva, A. N. R.  2015.  “Transportation engineering 
education for undergraduate students: Competencies, skills, teaching-learning, and 
evaluation”. Journal of Professional Issues in Engineering Education and Practice, 
10.1061/(ASCE)EI.1943-5541.0000220, 05014006. 
Deek, F. P., Hiltz, S. R., Kimmel, H. & Rotter, N.  1999.  “Cognitive assessment of students’ 
problem solving and program development skills”.  Journal of Engineering Education, 
88(3), 317–326. 
de Justo, E. & Delgado, A.  2015.  “Change to competence-based education in structural 
engineering”.  Journal of Professional Issues in Engineering Education and Practice, 
10.1061/(ASCE)EI.1943-5541.0000215, 05014005. 
Dempster, E. R. & Reddy, V.  2007.  “Item readability and science achievement in TIMMS 
2003 in South Africa”.  Science Education, 91(6), 906–925. 
Dresner, M., de Rivera, C., Fuccillo, K. K. & Chang, H.  2014.  “Improving higher-order 
thinking and knowledge retention in environmental science teaching”.  BioScience, 64(1), 
40–48. 
Dunne, G.  2015.  “Beyond critical thinking to critical being: Criticality in higher education 
and life”.  International Journal of Educational Research, 71, 86–99. 
 
 
Engineering Council of South Africa.  2014.  “Qualification Standard for Bachelor of Science 
in Engineering (BSc(Eng))/Bachelors of Engineering (BEng): NQF Level 8”.  Available 
from: https://www.ecsa.co.za/education/EducationDocs/E-02-PE.pdf.  Accessed 2 
November 2016. 
Evers, F. T., Rush, J. C. & Berdrow, I.  1998.  The Bases of Competence: Skills for Lifelong 
Learning and Employability. San Francisco: Jossey Bass. 
Fazey, I.  2010.  “Resilience and higher order thinking”.  Ecology and Society, 15(3), 1–22. 
Felder, R. M.  1982.  “Does engineering education have anything to do with either one: 
Towards a systems approach to training engineers”.  Lecture read at the R. J. Reynolds 
Industries Award Distinguished Lecture Series, Truitt Auditorium, North Carolina State 
University, Raleigh, October 12. 
Hagerty, D. J. & Rockaway, T. D.  2012.  “Adapting entry-level engineering courses to 
emphasize critical thinking”.  Journal of STEM Education, 13(2), 25–34. 
Hutchins, A.  2015.  “Forget ‘plug-and-chug’”. Maclean’s, 128(38), 54–55. 
Jensen, J. L., McDaniel, M. A., Woodard, S. M. & Kummer, T. A.  2014.  “Teaching to the 
test… or testing to teach: Exams requiring higher order thinking skills encourage greater 
conceptual understanding”.  Educational Psychology Review, 26(2), 307–329. 
Kalman, C. S.  2008.  Successful Science and Engineering Teaching: Theoretical and Learning 
Perspectives. Montreal: Springer. 
Lewis, A. & Smith, D.  1993.  “Defining higher order thinking”.  Theory into Practice, 32(3), 
131–137. 
Lillis, T. M.  2001.  Student Writing: Access, Regulation, Desire. New York: Rouledge.   
Marshall, J. C. & Horton, R. M.  2011.  “The relationship of teacher-facilitated, inquiry-based 
instruction to student higher-order thinking”.  School Science and Mathematics, 111(3), 93–
101. 
Marton, F. and Saljo, R.  1976.  "On qualitative differences in learning — 2: Outcome as a 
function of the learner's conception of the task".  British Journal of Educational Psychology, 
46, 115-127. 
Paul, R.  1995.  Critical Thinking: How to Prepare Students for a Rapidly Changing World. 
Santa Rosa, Ca: Foundation for Critical Thinking. 
Simpson, Z. & Bester, J.  2017.  “Cognitive Demand and Student Achievement in Concrete 
Technology Study”.  Journal of Professional Issues in Engineering Education and Practice, 
143(2), 04016022-1-8. 
Stewart, M.  2012.  “Joined up thinking? Evaluating the use of concept-mapping to develop 
complex system learning”.  Assessment and Evaluation in Higher Education, 37(3), 349–
368. 
Tekian, A., Han, Y., Hruska, L. & Krainik, A. J.  2001.  “Do underrepresented minority medical 
students differ from nonminority students in problem-solving ability?”.  Teaching and 
Learning in Medicine, 13(2), 86–91. 
Toledo, S. & Dubas, J. M.  2016.  “Encouraging higher-order thinking in general chemistry by 
scaffolding student learning using Marzano’s taxonomy”.  Journal of Chemical Education, 
93(1), 64–69. 
